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Abstract 

         Cross-section measurements were made of prompt gamma-ray production as a function of 

incident neutron energy (En = 1 to 35 MeV) on an enriched (95.6%) l50Sm sample. Energetic 

neutrons were delivered by the Los Alamos National Laboratory spallation neutron source 

located at the Los Alamos Neutron Science Center (LANSCE) facility. The prompt-reaction 

gamma rays were detected with the large-scale Compton-suppressed Germanium Array for 

Neutron Induced Excitations (GEANIE). Neutron energies were determined by the time-of-flight 

technique. The γ-ray excitation functions were converted to partial γ-ray cross sections taking 

into account the dead-time correction, target thickness, detector efficiency and neutron flux 

(monitored with an in-line fission chamber). Partial γ-ray cross sections were predicted using the 

Hauser-Feshbach statistical reaction code GNASH. Above En~8 MeV the pre-equilibrium 

reaction process dominates the inelastic reaction. The spin distribution transferred in pre-
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equilibrium neutron-induced reactions was calculated using the quantum mechanical theory of 

Feshbach, Kerman, and Koonin (FKK). These pre-equilibrium spin distributions were 

incorporated into a new version of GNASH and the γ-ray production cross sections were 

calculated and compared with experimental data. The difference in the partial γ-ray cross 

sections using spin distributions with and without pre-equilibrium effects is discussed.  

PACS: 21.10.-i, 24.60.Dr, 25.40.-h, 25.40.Fq, 27.40.+z 

Keywords: γ-ray production cross section, pre-equilibrium reaction, GEANIE, Feshbach-

Kerman-Koonin, Sm-150   

1. Introduction 

 Analysis of γ-ray production cross section measurements at LANSCE performed with the 

GEANIE detector array [1] demonstrated that the spin distribution has a large impact on the γ-

ray transition probability when a high-spin state is involved [2,3]. Since it was assumed that the 

spin distribution in the pre-equilibrium process has a rather limited impact on nuclear reaction 

cross sections, classical theories such as the exciton model [4, 5] are still widely used to analyze 

particle emission data at high incident energies. A realistic treatment of the spin distribution 

should improve the accuracy of calculations of γ-ray production cross sections with the statistical 

Hauser-Feshbach model including the pre-equilibrium reaction mechanism. There are several 

well-known statistical multistep direct (MSD) theories: Feshbach, Kerman, and Koonin [6] 

(FKK), Tamura, Udagawa, and Lenske [7] (TUL), and Nishioka, Weidenmüller, and Yoshida [8] 

(NWY). These theories employ different statistical assumptions for the multistep reactions. 

However, descriptions of the first step (one-step) are very similar in principle [9]. The statistical 
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assumptions employed in these various theories are still under debate, but differences between the 

theories occur mainly in reactions at high incident energies. At low energies (E < 20 MeV), the 

one-step process and the multistep compound (MSC) process can be employed to analyze 

experimental data.  

Neutron inelastic scattering populates excited states by (1) forming the compound nucleus and 

decaying by neutron emission, or (2) by the incoming neutron transferring energy to create a 

particle-hole pair, and thus initiating the pre-equilibrium process. These two processes produce 

rather different spin distributions. The momentum transfer via the pre-equilibrium process tends 

to be smaller than in the compound reaction. This difference in the spin population has a 

significant impact on the de-excitation by γ-ray cascading.  

We present comparisons of γ-ray production cross sections for neutron-induced reactions on 
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150Sm. The spin-distribution in the pre-equilibrium process is calculated with the FKK model, 

and the calculated spin-distribution is combined with the GNASH Hauser-Feshbach statistical 

model calculations [10]. To examine the influence of the FKK calculation, we also consider the 

case with the spin-distribution in the pre-equilibrium process the same as for the compound 

process. In the past such an assumption has often been made for Hauser-Feshbach plus exciton 

model calculations.  

2 Experimental methods and Data analysis  

Cross-section measurements were made of prompt γ-ray production as a function of incident 

neutron energy (En = 1 to 35 MeV) on an enriched (95.6%) 150Sm sample. Energetic neutrons 

were delivered by the Los Alamos National Laboratory spallation neutron source located at the 

LANSCE/WNR facility. A natural W target was bombarded by the 800-MeV pulsed-proton 

beam from the LANSCE linear accelerator. The proton beam consisted of micropulses 1.8 μs or 
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3.6 μs apart bunched into macropulses 625 μs in length. As a result of the spallation reactions, 

neutrons with energies from a few keV to nearly 800 MeV are produced. The prompt-reaction 

γ rays were detected with the GEANIE array. The GEANIE spectrometer [1] is located about 20 

m from the neutron source on the 60
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o right flight path. GEANIE consists of 11 LEPS and 15 

coaxial detectors. All of the LEPS detectors and 9 of the coaxial detectors were equipped with 

BGO suppression shields. The LEPS detectors were used to measure γ-rays with energies less 

than 1 MeV and coaxial detectors γ-rays with energies up to 3 MeV. The neutron flux is 

monitored by in-beam 235,238U fission chambers, located 2 m upstream from the array.  

The incident neutron energy was determined by the standard time-of flight (TOF) technique. The 

data were collected with 1.8 μs spacing between macropulses for about 10 days with a 7.5 gm, 

2.54-cm diameter, 150Sm2O3 target enriched to 95.6% in 150Sm. In addition, 3 days of data with 

the same target were collected with 3.6 μs spacing between micropulses. During data playback, 

events were separated into in-beam and out-of-beam matrices, and 2D matrices for Eγ vs. TOF 

were generated. The energy calibration was performed using the energies of known transitions in 

150Sm and other isotopes in the in-beam data.  

The excitation functions were obtained by applying 15-ns-wide TOF gates on the γ-ray events in 

the interval En = 1 to 35 MeV. Detector efficiencies were calculated using MCNP [11]. Separate 

experimental runs were also performed with the same setup and with the same target sandwiched 

between iron foils. The partial γ-ray cross section for the 847-keV transition from the 2+ to the 

ground state in  56Fe was extracted and compared to the evaluated cross section at En=14.5 MeV 

[12]. The partial cross section extracted for the 2+ to 0+ transition from data was consistent, 

within errors, with previous work. 
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3 Theoretical calculations  

The γ-ray production cross sections are calculated with the GNASH code [10]. GNASH 

calculates the pre-equilibrium process with the exciton model, which is based on a classical 

theory and does not calculate spin transfer. We employ the exciton model for the pre-equilibrium 

strength calculation, but then modify the spin-distribution as calculated with the FKK theory. 

The MSD calculation employed is similar to the modeling of Koning and Chadwick [13], and is 

reported elsewhere [14]. In the present analysis, the MSC component is assumed to have the 

same spin distribution as the compound process, because it has a weak dependence on the 

angular distribution, and the magnitude is usually smaller than MSD [15].  

The one-step calculation of MSD gives a spin-dependent population of continuum states in 
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150Sm. Since the ground state spin of 150Sm is zero, the spin distribution in the continuum 

populated by the one-step process is the same as the J-dependence of the MSD angle-integrated 

cross sections. We also calculate the population by a pure compound reaction. The initial 

population of 150Sm (after neutron inelastic scattering, but before γ-ray cascading) is a sum of 

pre-equilibrium and compound contributions.  

The calculated one-step FKK spin-distributions are expressed by a Gaussian form. An example is 

shown in Fig. 1, which is a calculated spin-distribution for the 150Sm inelastic scattering at 

neutron incident energy of 20 MeV and emitted neutron energy of 11 MeV. The solid histogram 

is the FKK result, and the dotted histogram is the spin-distribution of the compound reaction. 

The FKK spin distribution is peaked at lower J-values; a high-spin state is difficult to make with 

a simple lp-lh configuration in a single-particle model. We fitted the Gaussian form to the FKK 

results with various neutron incident / out-going energies to obtain spin-cutoff parameters as a 

function of excitation energy En. 
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The particle transmission coefficients were calculated using the global optical potentials of 

Koning and Delaroche [16] for neutrons and protons, and the α-particle optical potential of 

Avrigeanu, Hodgson, and Avrigeanu [17] was adopted for the α particles. The direct inelastic 

scattering cross sections were calculated using the DWBA method.  

The level scheme of 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

150Sm and the γ-ray branching ratios were taken from the Table of Isotopes 

[18] and RIPL-2. We included the discrete levels of 150Sm up to 1.836 MeV (8+).  

The spin-distribution in the initial population is given by  

   (1) 

where R

),,())(1(),()(),( JEREfJEREfJER xCNxpxPExpx −+=

PE and RCN are the spin-distributions for the pre-equilibrium and compound processes, 

fp(Ex) is the fraction of pre-equilibrium to the total neutron emission. Because we assumed that 

MSC has the same spin-distribution as CN,  

R(Ex,J) = [fp(Ex) —fc(Ex)] RMSD(Ex,J) + [1 —fp(Ex) +fc(Ex)]RCN(Ex,J), (2)  

where fp(Ex) is the fraction of MSC, and RMSD is given by the Gaussian form of one-step FKK 

spin-distributions. The fraction of pre-equilibrium cross section fp(Ex) is calculated with the 

exciton model.  

Figure 2 shows the spin-distributions in the continuum of 150Sm that is excited by 20-MeV 

neutron inelastic scattering. In past nuclear model calculations, the spin-distribution in the pre-

equilibrium process has been assumed to be the same as in the compound reaction. This is 

illustrated in the top panel of Fig 2. With the quantum mechanical theories of the pre-equilibrium 

process, the spin-distribution can be calculated on a more realistic basis. This is shown in the 

bottom panel. The excited nucleus has a spin-distribution that is peaked at lower J-values when 

the excitation energy of the residual state is not too high.  

4 Results and Conclusions  
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The spin distribution of the pre-equilibrium process in 150Sm + n reactions was calculated using 

the quantum mechanical theory of FKK. The FKK spin distribution was incorporated into 

GNASH calculations and the γ-ray production cross sections were calculated and compared with 

experimental data. Comparisons of the partial γ-ray cross sections for the 334-keV (2

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

+ to 0+), 

439-keV (4+ to 2+), 505-keV (6+ to 4+), and 558-keV (8+ to 6+) ground state band transitions in 

150Sm are shown in Fig. 3. The difference in the cross sections between including spin 

distributions with and without pre-equilibrium effects is significant. The probability of γ-ray 

transitions from a high spin state is strongly suppressed because of the pre-equilibrium spin 

distribution. The difference in the partial γ-ray cross sections using spin distributions with and 

without pre-equilibrium effects was significant, e.g., for the 558-keV transition between 8+ and 

6+ states the calculated γ-ray production cross sections changed by 70% at En = 20 MeV with the 

inclusion of the pre-equilibrium spin distribution. 
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Figure 1: Comparison of the spin-distribution for the Ein = 20 MeV and Eout = 11 MeV process, 

calculated with the FKK model (solid histogram), and the compound reaction (dotted histogram). The 

smooth curve is a Gaussian fit to the FKK result. 

 9



ID 473 

 0
 0.02
 0.04
 0.06
 0.08
 0.1
 0.12
 0.14
 0.16
 0.18
 0.2

 0
 1

 2
 3

 4
 5

 6
 7

 8
 9 12

14
16

18
20

 0

 0.05

 0.1

 0.15

 0.2

 0.25

 0.3

J Distribution

Spin

Excitation Energy [MeV]

J Distribution

1 

 0

 0.05

 0.1

 0.15

 0.2

 0.25

 0.3

 0
 1

 2
 3

 4
 5

 6
 7

 8
 9 12

14
16

18
20

 0

 0.05

 0.1

 0.15

 0.2

 0.25

 0.3

J Distribution

Spin

Excitation Energy [MeV]

J Distribution

 2 

3 

4 

5 

6 

7 

Figure 2: The spin distributions in excited 150Sm after neutron inelastic scattering, with different 

assumptions for the pre-equilibrium spin transfer. The neutron incident energy is 20 MeV. The 

upper panel shows the case when the pre-equilibrium spin distribution is assumed to be the same 

as the compound reaction. The bottom panel is the case when the FKK spin distribution is 

included in the GNASH calculations. 
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Figure 3: Comparison of the 334-, 439-, 505-, and 558-keV γ-ray production cross sections with 

calculations. The solid line represents the FKK+GNASH calculation, and the dashed line 

 11



ID 473 

1 
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represents the case where the pre-equilibrium spin-distribution is assumed to be the same as for 

the compound reaction. 
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